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ReviewModel Organisms as a
Guide to Mammalian Aging
C. elegans has been used extensively in aging re-
search, owing largely to its short, reproducible life span
(approximately 18 days at 20C). Life span in C. elegans
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University of Massachusetts Medical School
New Research Building Suite 604 is measured by the number of days the animal can move
(Figure 1) and, as in yeast and humans, the survival364 Plantation Street
Worcester, Massachusetts 01605 kinetics also show an exponential increase in mortality
rate over time. Once development is complete, adult2 Department of Biology
Koch Building worms do not undergo further cell divisions, so the aging
is postmitotic. Since the entire genome is sequencedMassachusetts Institute of Technology
77 Massachusetts Avenue and many molecular and genetic tools are available, it
is feasible to envisage comprehensive identification ofCambridge, Massachusetts 01239
the genes that affect aging in C. elegans. Many genes
that affect C. elegans life span have already been iso-
lated and have been ordered in pathways based onRecent studies on aging in model systems such as
genetic analysis. The main pathway that regulates lifeyeast and roundworms have revealed conserved regu-
span is an insulin-like signaling pathway (see below).lation of the process in response to nutrient availability
Mutations in genes in this pathway can increase, de-and specific genes that appear to mediate this regula-
crease, or have no effect on life span. Interestingly, sev-tion. Here we review these findings with a focus on the
eral of these genes were first isolated based on theirnematode Caenorhabditis elegans and the budding
effects on development. After embryonic development,yeast Saccharomyces cerevisiae and highlight general
the worm goes through four larval stages, each sepa-features of the regulation of aging that may have impli-
rated by a molt, and a final molt into a fertile, adultcations for mammals.
hermaphrodite (Figure 2). However, under conditions
of stress and nutritional deprivation, usually crowding,
Introduction worms can exit reproductive development and enter an
The budding yeast S. cerevisiae and the roundworm C. alternative larval stage called a dauer larva (Cassada
elegans have emerged as useful systems in aging stud- and Russell, 1975). The dauer stage is apparently non-
ies as they are readily amenable to genetic and molecu- aging, and worms can remain as dauer larvae for months
lar analyses. The aging processes in these organisms (Klass and Hirsh, 1976). When environmental conditions
have distinct features that influence the types of experi- improve, worms reenter the life cycle and then have a
mental analyses that can be carried out. normal adult life span. Many of the genes that affect life
As yeast age, they show an exponential increase in span in C. elegans also affect entry into the dauer stage.
mortality rate over time, similar to human aging. Yeast These dauer formation (daf) genes were first isolated on
aging can be monitored in two distinct ways: replicative the basis of the fact that they either promote dauer
life span and chronological life span. Budding yeast arrest under non-dauer-inducing (nonstress) conditions
divide asymmetrically, giving rise to a large mother cell (dauer-constitutive) or prevent dauer formation under
and a small daughter cell. Replicative life span in yeast dauer-inducing (stress) conditions (dauer-defective)
is determined by the number of divisions that each (Riddle and Albert, 1997). However, the relationship be-
mother cell can undergo, and not by chronological age tween the genes that regulate dauer formation and the
(Mortimer and Johnson, 1959; Muller et al., 1980; Figure genes that regulate adult life span is complex. For in-
1). Life span is said to have ended when the mother cell stance, mutations in the insulin-like signaling pathway
no longer divides. Chronological yeast aging is mea- affect dauer formation and also affect adult life span.
sured using stationary phase cultures. As yeast cultures However, mutations in another pathway, a TGF- signal-
grow, they go through three separate stages (Longo et ing pathway, have comparable effects on dauer forma-
al., 1999). The first is fast logarithmic growth, in which tion but do not affect adult life span (Kenyon et al., 1993).
metabolism is mainly glycolytic. In the second phase,
when glucose becomes limiting, a diauxiac shift occurs The Insulin-like Signaling Pathway
and the culture switches to respiratory growth. The third The insulin-like signaling pathway that regulates life
and final stage is stationary phase, in which the cells span and development in C. elegans contains many
stop dividing and the yeast become resistant to many genes, which were isolated originally mainly through
stresses, including heat and oxidative stress, and are their effects on dauer formation (Figure 3). Mutations
able to survive in this state for several months. The cells that reduce signaling in this pathway cause an increase
also have lowered metabolic rates in this stage (Longo in dauer formation during development, and, in animals
et al., 1999). In chronological life span studies, life span is that reach adulthood, they cause an extension of life
measured by the ability of nondividing cells to maintain span (Table 1). The pathway begins with the genes unc-
viability over time. This stationary phase survival has 64 and unc-31, which were initially isolated based on
also been studied extensively in S. cerevisiae. their effects on locomotion. Loss of function also results
in an extension of life span (Ailion et al., 1999). unc-64
encodes a syntaxin homolog (Ogawa et al., 1998; Saifee3 Correspondence: heidi.tissenbaum@umassmed.edu
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Figure 1. Age Is Measured Differently in
Yeast and Worms
Budding yeast divide asymmetrically, giving
rise to a large mother cell and a small daugh-
ter cell. Replicative life span in yeast is deter-
mined by the number of divisions that each
mother cell can undergo and not by chrono-
logical age (Mortimer and Johnson, 1959;
Muller et al., 1980). In yeast, average life span
is strain dependent. Chronological aging is
measured in yeast using nondividing cultures
in which the viability of the cells declines over
time. In C. elegans, larval stage-four worms
are placed onto plates and tapped every 2–3
days. When the worms no longer respond
to repeated pokes, they are scored as dead.
Therefore, this is a chronological life span.
et al., 1998), which is involved in synaptic transmission, two proteins affect insulin processing and/or release in
producing cells (Ailion et al., 1999).while unc-31 encodes a CAPS homolog (calcium-depen-
dent activated protein) (Ann et al., 1997). Mammalian A total of 37 insulin family members have been identi-
fied in the C. elegans genome (Gregoire et al., 1998;CAPS appears to be involved in calcium-stimulated pep-
tide secretion (Ann et al., 1997). It is thought that these Pierce et al., 2001), but there appears to be only one
insulin receptor gene, daf-2. Despite this characteriza-
tion, the exact ligand that binds to the daf-2 receptor
is not yet known. Deletion of ins-1, which is predicted
to be most closely related to mammalian insulin and
contains a likely C peptide cleavage site, does not affect
life span or dauer formation (Pierce et al., 2001). How-
ever, overexpression of ins-1 does cause a partially pen-
etrant constitutive dauer phenotype and extends adult
life span (Pierce et al., 2001). Additionally, overexpres-
sion of ins-1 can enhance dauer formation in weak daf-2
alleles (Pierce et al., 2001). This suggests that ins-1 func-
tions to antagonize daf-2 insulin-like signaling (Pierce
et al., 2001).
A second C. elegans insulin, ins-18, also contains a
C peptide. It has been suggested that this may be the
daf-2 ligand, as it is expressed at the appropriate time
during development and lowering its activity by RNA
interference extends life span (Kawano et al., 2000).
However, ins-18 RNAi does not promote dauer forma-Figure 2. The Life Cycle of the Nematode C. elegans
tion, as would be expected for loss of the daf-2 ligandUnder plentiful growth conditions, worms begin life as an egg, then
(Braeckman et al., 2001; Kawano et al., 2000). Anothergo through four larval stages each separated by a molt and then a
final molt into an adult hermaphrodite. However, if unfavorable group found that overexpression of ins-18 induces
growth conditions occur during the L1, worms can enter an alterna- dauer arrest in wild-type animals at high temperature
tive life cycle and form a dauer larvae at the third larval stage. When and also enhances a dauer formation in weak daf-2
conditions become more favorable, worms will enter the life cycle
allele, suggesting that, like ins-1, ins-18 antagonizesas an L4 and then form a normal reproductive adult with the same
daf-2 insulin signaling (Pierce et al., 2001). Several otheradult life span as a worm that has not gone through dauer (Riddle
and Albert, 1997). ins genes that lack the C peptide cleavage site have no
Review
11
Figure 3. The Insulin-like Signaling Pathway
that Controls Development and Longevity in
C. elegans
(A) During favorable growth conditions, unc-
64 and unc-31 function to promote an as yet
unidentified insulin-like ligand (INS) that binds
to the DAF-2 receptor. This signaling cascade
results in the repression of DAF-16, which is
prevented from entering the nucleus, re-
sulting in reproductive growth and short life
(Lin et al., 2001).
(B) Under stress conditions, there is no re-
lease of the insulin-like ligand resulting in the
activation of DAF-16. This causes DAF-16 to
enter the nucleus and results in dauer forma-
tion and long life (Lin et al., 2001).
effect on dauer formation when overexpressed (Pierce to be identified (Klass, 1983) and characterized (Fried-
man and Johnson, 1988) in any species. These mutantset al., 2001). Clearly, further experiments are required
to determine which insulin genes encode receptor ago- are dauer constitutive and resistant to stresses, such
as heat, oxidative damage, and heavy metals (Barystenists and which encode antagonists.
Activation of daf-2 by the as yet unidentified ligand et al., 2001; Honda and Honda, 1999; Lithgow et al.,
1994, 1995; Murakami and Johnson, 1996). Mutationsleads to PI-3-kinase activation. This results in generation
of phosphoinositide-3-phosphate (PIP3) which in mam- in daf-2 also increase adult life span, promote dauer
constitutivity, and confer stress resistance (Gems et al.,malian systems acts as an intracellular messenger to
activate downstream kinases (Alessi and Downes, 1998; 1998; Honda and Honda, 1999; Kenyon et al., 1993;
Larsen et al., 1995; Lithgow et al., 1995; Murakami andKido et al., 2001). PI-3-kinase contains two subunits, a
regulatory subunit, p85 or p55 (reviewed in Cantrell, Johnson, 1996; Tissenbaum and Ruvkun, 1998).
Downstream of age-1 are the kinases PDK-1, AKT-1,2001), and a catalytic subunit, p110, encoded in C. ele-
gans by the gene age-1 (Morris et al., 1996). Mutations and AKT-2, which were identified in C. elegans as gain-
of-function suppressors of the dauer constitutivity ofin age-1 result in extension of adult life span, and in fact
these mutants were the first long-lived genetic variants age-1 mutants (Paradis et al., 1999; Paradis and Ruvkun,
Developmental Cell
12
Table 1. A Summary of the Phenotypes of Some of the Longevity Mutants Discussed that Have Been Shown to Affect Oxidative Stress
and Longevity
Oxidative
Gene Molecular Longevity Dauer Damage sod-3
Name Identification Phenotype Phenotype Phenotype Levels Other Phenotypes
Wild-type wild-type wild-type wild-type wild-type none
daf-2 insulin/IGF-1 long-livedb daf-cc resistantd highd resistant to many
receptora stresses, low brood
sizeb,c,e
age-1 PI-3-kinase long-livedc,g daf-cb,g,h resistantd highd resistant to many
p110f stresses, low brood
sizec,e,g
daf-16 forkheadi short-livedb daf-dc wild-typed wild-typed completely suppresses
all phenotypes of
daf-2 and age-1
mutantsb,c,d,e,g
clk-1 Coenzyme Q long-livedk wild-type wild-typed wild-typed resistant to many
Synthesisj stresses, biological
rhythms and
development slowedk,l
eat-2 unknown long-livedm ND ND ND resembles caloric
restrictionm
a Kimura et al., 1997
b Originally described in Kenyon et al. (1993)
c Reviewed in Riddle and Albert (1997)
d Honda and Honda, 1999
e Gems et al., 1998; Lithgow et al., 1995; Murakami and Johnson, 1996; Tissenbaum and Ruvkun, 1998
f Morris et al., 1996
g Dorman et al., 1995; Friedman and Johnson, 1988; Klass, 1983; Larsen et al., 1995; Lithgow et al., 1994
h Malone et al., 1996
i Lin et al., 1997; Ogg et al., 1997
j Ewbank et al., 1997
k Lakowski and Hekimi, 1996
l Wong et al., 1995; Felkai et al., 1999
m Lakowski and Hekimi, 1998
1998). A reduction in PDK-1 activity increases adult life phosphorylates the mammalian DAF-16 homolog, the
forkhead transcription factor, FKHR (Kops et al., 1999;span, similar to a reduction in the activities of upstream
components of this pathway (Paradis et al., 1999). DAF- Tang et al., 1999). This phosphorylation leads to activa-
tion of FKHR. Interestingly, recent work has shown that18 encodes a homolog of the mammalian tumor sup-
pressor PTEN phosphatase (Gil et al., 1999; Mihaylova mutating the equivalent phosphorylation site in C. ele-
gans AKT-1 leads to accumulation of DAF-16 in theet al., 1999; Ogg and Ruvkun, 1998; Rouault et al., 1999),
which regulates the levels of PIP3 by dephosphorylating nucleus but has very little effect on life span (Lin et al.,
2001). This suggests that the pathway may have severalthe inositol ring in the third position (Maehama and
Dixon, 1998). Loss-of-function mutations in daf-18 result outputs downstream of AKT-1 (Lin et al., 2001; Figure 4).
Recent work from Murakami and Johnson (2001) hasin a decrease in life span and suppression of both daf-2
and age-1 dauer phenotypes (Dorman et al., 1995; Gil identified a new gene, OLD-1, a transmembrane tyrosine
kinase, that is required for the life span extension ofet al., 1999; Larsen et al., 1995; Mihaylova et al., 1999;
Ogg and Ruvkun, 1998; Rouault et al., 1999). The final both daf-2 and age-1 mutants (Murakami and Johnson,
2001). Analysis of the expression pattern and other mo-output of the pathway is a forkhead transcription factor
encoded by daf-16 (Lin et al., 1997; Ogg et al., 1997), null lecular studies suggest that OLD-1 expression is depen-
dent on DAF-16 (Murakami and Johnson, 2001). How-mutations of which decrease life span and completely
suppress all phenotypes in double-mutant combina- ever, overexpression of OLD-1 extends life span, and
this is suppressed by a loss-of-function mutation in daf-tions with daf-2 or age-1 (Table 1).
Several studies have looked at which cells are in- 16 (Murakami and Johnson, 2001). Therefore, at present
it is unclear whether OLD-1 is downstream or upstreamvolved in life span regulation in C. elegans. Genetic mo-
saic analysis (Apfeld and Kenyon, 1998) as well as com- of DAF-16.
Two additional daf genes have been implicated in lifeplementation studies with inducible promoters (Wolkow
et al., 2000) suggest that insulin signaling in neurons is span regulation in C. elegans: daf-12 and daf-9. daf-12
encodes a steroid hormone receptor (Antebi et al., 2000),required for longevity regulation. Additionally, signals
generated from the sensory neurons in the head of the and daf-9 encodes a cytochrome P450 (Gerisch et al.,
2001). Dauer formation depends on DAF-9 and DAF-12worm and the germ cells are important for normal life
span, and these pathways are both dependent on daf- activity, but their role in life span regulation is at present
less clear. Both genes appear to act in a pathway sepa-16 (Apfeld and Kenyon, 1999; Hsin and Kenyon, 1999).
The mammalian AKT-1/2 homolog AKT-1 directly rate from the insulin-like signaling pathway and the clk-1
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Figure 4. Insulin/Insulin-like Signaling in C.
elegans and Mammalian Signaling
A comparison of the genes identified in C.
elegans and mammalian systems down-
stream of the insulin/insulin-like receptor.
There is as yet no IRS-1 homolog identified
in C. elegans.
metabolic pathway. daf-12 alone shortens life span the PI-3-kinase (Bohni et al., 1999). The relevance of
such a function to C. elegans is not clear, as no suchslightly (Gems et al., 1998; Larsen et al., 1995) and has
been shown to function in life span regulation signaling adaptor has been reported in worms.
from the gonad (Hsin and Kenyon, 1999). However, the
epistasis relationships with daf-2 are somewhat confus- The clk Genes
Life span in C. elegans is regulated by a second signalinging. Some daf-2; daf-12 double-mutant combinations
can live four times as long as either single mutant (Gems pathway that contains the genes clk-1, clk-2, clk-3, gro-1
(collectively known as the clk mutants), and eat-2 (dis-et al., 1998; Larsen et al., 1995), and similar results are
seen when daf-9 is combined with a daf-2 mutation cussed further below). Loss-of-function mutations in clk
genes lead to a global slowing of all biological rhythms(Gerisch et al., 2001). Therefore, it is difficult to define
a clear functional relationship between these genes. and a lengthening of the development period as well as
adult life span (Lakowski and Hekimi, 1996) (Table 1).Nonetheless, daf-9 and daf-12 do clearly also influence
life span and dauer formation in C. elegans. Although the clk mutant phenotype leads to increased
length of all developmental stages, this does not ac-Interestingly, recent studies have suggested a link
between insulin-like signaling pathway in C. elegans and count for the extension in the adult life span in these
mutants, which is up to 30% greater than that of wild-regulation of stress resistance in yeast (Fabrizio et al.,
2001). As mentioned above, yeast can age chronologi- type (Hekimi et al., 2001). clk-1 encodes a homolog of
the yeast CAT5/COQ7 gene (Ewbank et al., 1997); incally under conditions of stress and starvation as a pop-
ulation of nondividing cells, with life span being mea- yeast, COQ7 is involved in the biosynthesis of ubiqui-
none (coenzyme Q), a carrier of electrons in mitochon-sured in terms of viability. Recently, Fabrizio et al. (2001)
performed a genetic screen for nondividing yeast mu- drial respiration (Jonassen et al., 1998; Marbois and
Clarke, 1996). Not surprisingly, CLK-1 is located in thetants that were resistant to heat and oxidative stress.
This led to the gene SCH9, the yeast homolog of C. mitochondria of C. elegans (Felkai et al., 1999). The life
span extension of clk-1 mutants may result from a de-elegans and mammalian AKT. Decreased SCH9 activity
extends stationary phase survival (Fabrizio et al., 2001). crease in electron transport, generating a slower meta-
bolic rate (Hekimi et al., 2001). Consistent with this, over-Interestingly, studies of AKT-1 and AKT-2 in C. elegans
show that, when both genes are subject to RNAi, worms expression of CLK-1 accelerates physiological rates and
shortens life span (Felkai et al., 1999). Analysis of clk-1develop into dauers (Paradis and Ruvkun, 1998). There-
fore, the function of the insulin-like signaling pathway mutants suggested that these animals have altered ubi-
quinone biosynthesis (Miyadera et al., 2001). In thein C. elegans may at least partly conserved in yeast.
There is also a connection between insulin-like signal- mouse, null mutants of clk-1 also have altered ubiqui-
none biosynthesis, similar to the C. elegans defect, anding and aging in Drosophila. Mutations in the Drosophila
daf-2 homolog InR result in lethality when homozygous, mouse clk-1 mutant embryos arrest development mid-
gestation (Levavasseur et al., 2001). Interestingly, C.but one heterozygous configuration of InR alleles results
in the flies being small but long lived (Tatar et al., 2001). elegans clk-1 mutants obtain coenzyme Q from their
bacterial food source and in its absence have a muchHowever, no reduction in size has been reported for
any C. elegans daf-2 mutants. Mutation of another gene more severe phenotype of early larval lethality (Jonassen
et al., 2001).affecting insulin signaling in flies, chico, also results in
longevity, at least in females (Clancy et al., 2001). Chico The mechanisms by which clk mutations extend life
span appear to be separate from those of mutations inencodes an adaptor that couples the insulin receptor to
Developmental Cell
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Table 2. Genetic Epistasis Analysis of the Longevity Mutants
Gene daf-2 age-1 daf-16 clk-1 eat-2 ctl-1
daf-2 Longa,b daf-2 b daf-16 b daf-2c daf-2d ctl-1e
age-1 daf-2 b Long a,f daf-16 b ND ND ctl-1e
daf-16 daf-16 b daf-16 b Short a,b clk-1 c eat-2 d ND
clk-1 daf-2c ND clk-1 c Longa,c eat-2 d ND
eat-2 daf-2d ND eat-2 d eat-2 d Longa,d ND
ctl-1 ctl-1e ctl-1e ND ctl-1e ND Shorte
Results shown are the longevity phenotype that results when a loss-of-function mutation from each column is generated except for a where
results are the phenotype of a loss of function in the single mutant.
b Dorman et al., 1995; Gems et al., 1998; Kenyon et al., 1993; Larsen et al., 1995; Tissenbaum and Ruvkun, 1998
c Lakowski and Hekimi, 1996
d Lakowski and Hekimi, 1998
e Taub et al., 1999
f Originally described and identified in Friedman and Johnson (1988) and Klass (1983).
the daf-2 insulin-like signaling pathway. The evidence that affect stress resistance, such as MSN2 and MSN4
(Lin et al., 2000). However, it does require SIR2 as wellfor this comes from genetic analysis. An age-1; daf-2
double mutant has a similar life span extension to that as one of the two pathways that synthesize NAD, i.e.,
extension of life span is prevented when caloric restric-of a daf-2 single mutant, but a daf-2; clk-1 double mutant
enjoys a five to seven times increase in life span (Table tion is performed on a strain that lacks either SIR2 or
the major pathway of NAD synthesis. It has been pro-2). Additionally, mutations in clk-1 are not suppressed
by a loss-of-function mutation in daf-16 (Lakowski and posed that Sir2p surveys the physiological rate of cells
by sensing the level of available NAD and couples thatHekimi, 1996; Table 2). Overall, therefore, it seems that
life span in C. elegans is independently influenced by rate to the pace of aging. In this model, more NAD
becomes available when the physiological rate is slowed,two distinct pathways: an insulin-like signaling pathway
and a pathway that affects physiological rate. for example, by caloric restriction, thereby driving an
increase in Sir2p activity and extending life span.
SIR2 is also important for life span determination inCaloric Restriction
metazoans. Increasing the copy number of the C. ele-Restricting food intake of rodents can extend their life
gans SIR2 homolog sir-2.1 can extend the life span ofspan, and this extension is specifically due to a reduc-
the worm (Tissenbaum and Guarente, 2001). Genetiction of caloric intake (reviewed in Masoro, 2000). Reduc-
analysis suggests that sir-2.1 extends life span by func-ing calories can also extend life span in other organisms,
tioning through the daf-2 insulin-like signaling pathway,such as yeast and C. elegans. The underlying mecha-
suggesting a potential link between this pathway andnism of life span extension by caloric restriction (CR) is
caloric restriction in animals. It is truly remarkable thatbeginning to become understood at the molecular level,
SIR2 genes appear to regulate longevity in yeast andin part due to recent work in the budding yeast S. cere-
C. elegans by affecting very different processes, rDNAvisiae.
silencing in yeast and insulin signaling in C. elegans.Replicative life span in yeast is regulated by the dos-
Evidently, SIR2 has somehow evolved to regulate theage of the gene SIR2: increasing the dosage of SIR2
rate determining processes in aging in these two or-increases life span, while elimination of SIR2 shortens
ganisms.life span (Kaeberlein et al., 1999). SIR2 is important for
Reducing food intake in C. elegans can also extend lifechromatin structure: it functions to silence several differ-
span (Hosono et al., 1989; Klass, 1977). Worms grownent loci in yeast, including telomeres, ribosomal DNA
in liquid media show an extended life span when fed(rDNA), and the mating loci (Gottlieb and Esposito, 1989;
reduced levels of bacteria (Hosono et al., 1989; Klass,Rine and Herskowitz, 1987; Gottschling et al., 1990).
1977). It has also been suggested that eat mutants,Silencing in the rDNA is especially important because
which affect the function of the pharynx (responsible forit represses recombination and the formation of extra-
pumping food into the worm), mimic caloric restriction.chromosomal rDNA circles (ERCs) that accumulate in
In particular, eat-2 mutant worms are pale and thin (al-aging yeast mother cells (Sinclair and Guarente, 1997).
most resembling starved worms), have defects in foodFor this function, SIR2 employs its enzymatic activity:
intake (Raizen et al., 1995), and show an extension ofit is an NAD-dependent histone deacetylase. This activ-
adult life span (Lakowski and Hekimi, 1998). The severityity is conserved from mice to yeast (Imai et al., 2000;
of the pumping defect correlates with the life span exten-Landry et al., 2000; Smith et al., 2000). Unlike other
sion; the slower the pumping rate, the more extendedhistone deacetylases, SIR2 requires NAD as a cofactor
the life span (Lakowski and Hekimi, 1998), suggestingfor the reaction, suggesting a link to cellular metabolism.
a model for caloric restriction. However, not all of theRecent work on caloric restriction in yeast has shown
eat mutants that affect food intake/pharyngeal pumpingthat life span can be extended by lowering the glucose
extend life span (Lakowski and Hekimi, 1998). Therefore,concentration available or mutating components of the
the connection between the eat mutants and life spancAMP-dependent protein kinase A pathway, which
in C. elegans may be more complex.senses glucose in cells (Lin et al., 2000). This pathway
of life span extension is independent of certain genes Genetic analysis of eat-2 mutants suggests that this
Review
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gene functions in the same pathway as the clk genes and
independently from the insulin-like signaling pathway. A
loss-of-function mutation in eat-2 increases life span by
approximately 30%–60% depending on the allele (Table
2). A daf-16; eat-2 double mutant has a similar life span
to an eat-2 mutant (Lakowski and Hekimi, 1998), indicat-
ing that the life span extension of the eat-2 mutants is
independent of DAF-16. Also, like daf-2; clk-1 mutants,
eat-2; daf-2 double mutants live longer then either daf-
2 or eat-2 single mutants alone (Table 2). Does this
mean that life span regulation by caloric restriction in
C. elegans does not require the SIR2 homolog sir-2.1?
This is a reasonable suggestion but may be premature
for two reasons. First, it is possible that eat mutants do
not accurately mimic actual food limitation. Second, it
is possible that sir-2.1 does mediate the longevity of eat
mutants but that this occurs by a pathway distinct from
insulin signaling.
Oxidative Damage Figure 5. Genes that Regulated Longevity and Production of ROS
The free radical theory of aging states that reactive oxy- Red represents mutations for which loss-of-function causes an in-
crease in life span. In blue are the mutations that loss of functiongen species (ROS) generated during cellular metabolism
causes a decrease in life span. In this model, life span is regulatedcan cause damage to the cellular constituents (Harman,
through the regulation of the levels of ROS and physiological rate.1981; Sohal and Weindruch, 1996). During the life of a
ISP-1, MEV-1, and CTL-1 control the levels of ROS produced. By
cell or an organism, ROS species are detoxified by spe- contrast, the effect of clk-1 mutations on physiological rate and life
cific pathways that involve the genes encoding superox- span may be distinct from any effect on ROS production (see text
ide dismutase (SOD) and catalase. However, this pro- for details). It has not been tested whether CLK-1 and ISP-1 syner-
gize for life span. However, this might be expected as ISP-1 extendscess is not perfect, and ROS species can accumulate,
life span by functioning in the insulin-like signaling pathway (Fengperhaps causing the physiological decline characteristic
et al., 2001).of aging (Arking, 1998).
Until recently, there was little evidence for a causal
connection between oxidative damage and organismal Hekimi, 1996). One possible explanation is that this dif-
ference occurs because the clk mutation slows electronaging. Such a connection would make two predictions.
First, genetic mutations that affect oxidative stress transport in a way that reduces the generation of ROS
while a mev-1 mutation results in an increase in theshould affect organism life span, and, second, interven-
tions that affect levels of free radicals should alter organ- generation of ROS. In line with this, a recent report sug-
gests that mev-1 mutants have increased levels of su-ism life span. Recent studies on yeast and C. elegans
have fulfilled both of these predictions. peroxide anion production (Senoo-Matsuda et al., 2001).
The free radical theory has also been examined di-In yeast, the ability to survive stationary phase ap-
pears to be limited by ROS. Deletion of either copper- rectly in C. elegans by treating worms with two synthetic
compounds, EUK-8 and EUK-134 (Melov et al., 2000).zinc SOD (sod1 mutants) or manganese SOD (sod2
mutants) results in a dramatic shortening of survival time Both of these drugs are SOD-catalase mimetics in vitro,
and treatment of worms with either of them results inin stationary phase (Longo et al., 1996). Moreover, a
sod1 sod2 double mutant dies within a few days an increase in both mean and maximum life span of up to
54%, similar to the life span extension of age-1 mutants(Longo et al., 1996). In addition, when stationary phase
sod2 mutants are treated with agents that decrease (Melov et al., 2000). As these drugs may extend life span
by decreasing oxidative damage, one might expect thatsuperoxide generation, life span is extended (Longo et
al., 1999). they would increase life span in a mev-1 background,
and this is indeed the case (Melov et al., 2000).C. elegans mev-1 encodes a subunit of the enzyme
succinate dehydrogenase cytochrome b, which forms Many of the known longevity mutants have been ex-
amined for their ability to withstand oxidative stress.the enzyme II complex of the electron transport chain.
A mev-1 loss-of-function mutant shows a reduction in daf-2 mutants show an increased survival period under
oxidative stress when compared to wild-type organismslife span (Ishii et al., 1998; Melov et al., 2000), presumably
because electron transport stalls at succinate dehy- (Honda and Honda, 1999). clk-1 mutants do not them-
selves show a strongly enhanced survival in responsedrogenase resulting in the enhanced release of ROS
(Figure 5). Consistent with this, mev-1 animals also show to oxidative stress. However, daf-2 clk-1 double mutants
show a superextended survival under these conditions,increased oxygen sensitivity compared to wild-type ani-
mals. When these animals are reared under high oxygen reminiscent of the effect of combining these mutations
on normal life span (Honda and Honda, 1999). This sug-conditions, they show decreased life span and in-
creased accumulation of oxidative damage (Ishii et al., gests that the oxidative stress response represents an-
other role of the daf-2 insulin-like signaling pathway,1998). It is intriguing that both mev-1 and clk mutants
are deficient in electron transport yet have opposite along with longevity, dauer formation, brood size, and
thermotolerance (Gems et al., 1998; Honda and Honda,effects on life span (Ishii et al., 1998; Lakowski and
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1999; Kenyon et al., 1993; Larsen et al., 1995; Lithgow seems relevant that SIR2 determines life span in sys-
et al., 1995; Murakami and Johnson, 1996; Tissenbaum tems as diverse as yeast and worms, even though the
and Ruvkun, 1998; Dorman et al., 1995). mechanisms limiting their life spans most likely differ.
C. elegans has several genes that encode SOD en- It would appear that the simple enzymatic activity of the
zymes. sod-1 encodes a cytosolic Cu-Zn-SOD, while product of this gene, a protein deacetylase, confers
sod-2 and sod-3 encode mitochondrial Mn-SOD (Giglio the versatility to allow Sir2p to regulate such diverse
et al., 1994a, 1994b; Hunter et al., 1997; Larsen, 1993). processes as rDNA silencing in yeast and insulin signal-
daf-2 mutants show wild-type levels of sod-1 and sod-2 ing in worms. It is possible that determination of the
as well as catalase, but levels of sod-3 are upregulated functions of mammalian Sir2 proteins will lead to identifi-
(Honda and Honda, 1999). Moreover, this elevated level cation of the processes that limit mammalian life span.
of sod-3 in a daf-2 mutant is completely suppressed by In this regard, it is intriguing that the mouse and human
a mutation in daf-16 (Honda and Honda, 1999). This sir2 can deacetylate the tumor suppressor p53 in vitro
suggests that sod-3 is a target gene controlled by DAF- and in vivo (Luo et al., 2001; Vaziri et al., 2001). p53 is
16. It will be interesting to determine whether knocking normally acetylated when cells sustain DNA damage,
out sod-3 activity affects the stress resistance and lon- and its activation leads to either arrest of the cell cycle
gevity of daf-2 mutants. or apoptosis (programmed cell death). By deacetylating
A further connection between oxidative damage and p53, sir2 functions as a negative regulator of p53 activ-
aging in C. elegans is suggested by mutants of a cyto- ity (Luo et al., 2001; Vaziri et al., 2001). As predicted,
solic catalase ctl-1 (Taub et al., 1999). A loss-of-function increasing sir2 activity reduces p53-dependent apo-
mutation in ctl-1 decreases life span and completely ptosis in mammalian cells, and decreasing its activity
reverses the extension in life span in daf-2, age-1, or sensitizes cells to apoptosis (Luo et al., 2001; Vaziri et al.,
clk-1 mutants (Taub et al., 1999; Table 2; Figure 5). Thus, 2001). It is remarkable that SIR2, a gene that promotes
ctl-1 may be an output of both the insulin signaling and survival in yeast and worms, also favors survival in mam-
clk-1 pathways, suggesting that oxidative damage may malian cells. These findings are provocative in light of
be acting in both pathways. However, it is important to earlier studies on mice with a null mutation in a gene
bear in mind the possibility that ctl-1 mutants die early p66shc. Cells from these mutant mice show increased
as a result of pathologies not related to normal aging.
resistance to p53-dependent apoptosis in culture, and,
Another mutation, isp-1, also slows electron transport
importantly, the p66shc knockout mice have an in-
and extends adult life span (Feng et al., 2001). ISP-1
creased life span (Migliaccio et al., 1999). Although the
encodes the iron sulfur protein of complex III of the
role of mammalian sir2 in apoptosis suggests that cellmitochondrial electron transport chain in the mitochon-
death may be one process that limits mammalian lifedrial membrane. isp-1 mutants also show an extended
span, there are several caveats. First, it has not yet beendevelopment time and reduced respiration. Additional
demonstrated that mammalian sir2 actually controlsexperiments on isp-1 mutants suggest that the life span
life span, as in worms and yeast. Second, sir2 mayincrease in these animals is due to a lower rate of endog-
have other important substrates besides p53, includingenous ROS production. Interestingly, a suppressor of
histones, and these activities may be important in thethe slow development in isp-1 mutants lies in the mito-
determination of life span. Finally, there are six otherchondrially encoded cytochrome b gene (Feng et al.,
SIR2 paralogs in mammals, and their possible role in2001). This suppressor, ctb-1, has only a small restor-
aging must also be considered.ative effect on respiration and does not reduce the ex-
It is not yet clear whether signaling by insulin or relatedtended life span. Evidently, the intermediate level of
molecules plays any role in life span determination inrespiration in the suppressed isp-1 mutant meets the
mammals. Mutations in the human insulin receptor com-threshold for a normal developmental rate but still allows
parable to daf-2 mutations do not cause longevity anda long adult life span. Genetic analysis showed that
instead give rise to type II diabetes (Kimura et al., 1997).daf-2; isp-1 double mutants do not have a further exten-
However, Daf-2 is equally related to the insulin-relatedsion of life span over that of a daf-2 single mutant (Feng
growth factor (IGF-1) receptor (Kimura et al., 1997). Aet al., 2001; Figure 5). This provides additional evidence
possible link between IGF-1 signaling and life span isthat daf-2 mutations increase life span by decreasing
suggested by the phenotypes of dwarf mice. Both Amesoxidative stress. Moreover, it contrasts with the syner-
dwarf mice, which have a mutation in the Prop-1 locus,gistic life span increases shown by a daf-2; clk-1 double
and Snell dwarf mice, which have a mutation in the Pit-1mutant (Lakowski and Hekimi, 1996). This indicates that
locus, are deficient in growth hormone (GH), prolactin,the effect of clk-1 mutations on physiological rate and
and thyroid-stimulating hormone and show an extendedlife span may be distinct from any effect on ROS produc-
life span (Brown-Borg et al., 1996; reviewed in Bartketion. It is possible that clk-1 mutations affect the ability
et al., 2001). Additionally, targeted disruption of the GHof worms to measure physiological rate and couple it
to life span determination. receptor/GH binding protein gene results in reduced
adult body size and an extension of life span (Flarkey
et al., 2001), suggesting that the longevity phenotypesRelevance of Findings in Model Systems
of the Ames and Snell dwarf mice are primarily due toto Mammalian Aging
a lack of GH. It remains to be determined, however,How do these findings in C. elegans and yeast relate
whether the effect of lowering GH activity on life spanto mammalian aging? It seems likely that fundamental
operates primarily through its known regulation of IGF-1principles, such as the coupling of aging rates to nutrient
availability, will be universal. In support of this idea, it signaling or through another of its outputs.
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Braeckman, B.P., Houthoofd, K., and Vanfleteren, J.R. (2001). Insu-Some homologs of daf-2 signaling pathway compo-
lin-like signaling, metabolism, stress resistance and aging in Caeno-nents appear to function in an opposite manner in mam-
rhabditis elegans. Mech. Ageing Dev. 122, 673–693.mals to the functions seen in worms (also discussed
Brown-Borg, H.M., Borg, K.E., Meliska, C.J., and Bartke, A. (1996).in Cowen [2001]). For example, the DAF-16 homolog
Dwarf mice and the ageing process. Nature 384, 33.
forkhead triggers apoptosis in mammalian cells (Biggs
Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., Juo, P., Hu, L.S.,
et al., 1999; Brunet et al., 1999; Kops et al., 1999; and Anderson, M.J., Arden, K.C., Blenis, J., and Greenberg, M.E. (1999).
reviewed in Brunet et al., 2001), while daf-16 activity Akt promotes cell survival by phosphorylating and inhibiting a Fork-
promotes survival in worms (Figure 4). In addition, dele- head transcription factor. Cell 96, 857–868.
tion of the mouse akt-1 gene increases apoptosis and Brunet, A., Datta, S.R., and Greenberg, M.E. (2001). Transcription-
dependent and -independent control of neuronal survival by thesensitivity to genotoxic agents (Chen et al., 2001),
PI3K-Akt signaling pathway. Curr. Opin. Neurobiol. 11, 297–305.whereas lowering AKT activity in C. elegans favors dauer
Cantrell, D.A. (2001). Phosphoinositide 3-kinase signalling path-formation and survival (Paradis and Ruvkun, 1998). It is
ways. J. Cell Sci. 114, 1439–1445.still unclear what this apparent functional reversal
Cassada, R.C., and Russell, R. (1975). The dauer larva, a post-means in terms of any possible relationship between
embryonic developmental variant of the nematode Caenorhabditisinsulin signaling and aging in mammals.
elegans. Dev. Biol. 46, 326–342.
In summary, studies in the model organisms yeast
Chen, W.S., Xu, P.Z., Gottlob, K., Chen, M.L., Sokol, K., Shiyanova,and C. elegans have identified genes that may regulate
T., Roninson, I., Weng, W., Suzuki, R., Tobe, K., et al. (2001). Growth
life span in a conserved manner. The frontier of aging retardation and increased apoptosis in mice with homozygous dis-
research now lies in the relationship of this information ruption of the Akt1 gene. Genes Dev. 15, 2203–2208.
to mammals and, in particular, in uncovering the pro- Clancy, D.J., Gems, D., Harshman, L.G., Oldham, S., Stocker, H.,
cesses most important in human aging. It is likely that Hafen, E., Leevers, S.J., and Partridge, L. (2001). Extension of life-
span by loss of CHICO, a Drosophila insulin receptor substratethe framework that has emerged from the study of model
protein. Science 292, 104–106.organisms will provide a basis for an understanding of
Cowen, T. (2001). A Heady message for lifespan regulation. Trendsaging that is quite general.
Genet. 17, 109–113.
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